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T he significance of examining anatomical changes in the peripapillary region in a multi-ethnic group of young adults is driven by the increasing prevalence of myopia 1 and the susceptibility of this region to early complications from excessive axial elongation. 2 In the United States, 42% of adults are myopic (a 66% increase over the past 4 decades). 3 In Asian countries, 83% of adults aged 25 to 75 years are projected to be myopic by 2040, with approximately 15% of these adults having high amounts. 4 Myopic eyes have a prolate shape, sometimes exhibit staphyloma formation at the posterior pole, and often develop changes in the shape of the optic nerve head (ONH). 2, 4 These changes are consistent with recent biomechanical theories proposing that stress imposed by the intraocular pressure (IOP) is concentrated around the scleral opening and predicting that tissue strain will be most evident around the ONH. [5] [6] [7] The expected increases in myopia and the difficulty teasing out the pathophysiology of the myopia itself from its effects on age-related conditions such as glaucoma 8 combine to create a significant diagnostic, management, and public health dilemma. Understanding the ONH characteristics of a multi-ethnic group of young adults measured before the onset of ocular disease is likely is a necessary first step toward understanding deviations from normal that might signal disease onset.
The two most common, clinically observed peripapillary changes associated with excessive axial elongation and myopia are tilting of the ONH and crescent formation. 2, 9, 10 Tilt has traditionally been observed clinically using binocular indirect ophthalmoscopy or stereo-paired photographs that allow a three-dimensional (3D) perception, without objective quantification of tilt in the z plane (''cross-sectional''). Myopic crescents are identified with the same techniques and appear as whitish areas adjacent to the ONH, where the sclera can be viewed directly due to a loss of the deep layers of the retina. 11 A large study of Asian children demonstrated that tilt and crescent affect 37% and 66.5% as early as age 12 to 16 years. 10 A more quantitative strategy that serves as a proxy for measurement of tilt is to calculate the ovality ratio (a ratio comparing the long and short diameters of the ONH). Using this technique, more oval ONHs have been associated with increasing myopia and/or axial length [12] [13] [14] [15] as well as an altered pattern of retinal nerve fiber layer (RNFL) thickness. [15] [16] [17] Recently, optical coherence tomography (OCT) has allowed direct measures of ONH cross-sectional tilt, which is expected to be more precise than inferred tilt from an ovality ratio. A comparison of the techniques indicates that measures of tilt and ovality are not interchangeable, given the low to moderate correlation (0.28 18 and 0.48 19 ) in the few studies that reported both. However, OCT studies have also shown increased tilt to be associated with increased axial length and myopia [17] [18] [19] [20] as well as visual field loss in glaucoma patients. 19 Additional characteristics of ONH structure have also shown associations with ocular pathology. For example, torsion (deviation of the long axis of the ONH from a vertical reference) has been associated with an increased risk of visual field loss 14, 21 or with the location of visual field loss in Korean adults with normal tension glaucoma. 13, 14, 22 Beta peripapillary atrophy (BPPA), which until recently has not been differentiated from myopic crescent, 23 has been related to axial elongation and myopia 10, 24, 25 as well as an increased risk of visual field loss in glaucoma patients. [26] [27] [28] Most prior OCT studies evaluating the optic disc have been conducted in homogeneous Asian populations, and many have been conducted in older adults or glaucoma patients. Therefore, little is known about myopia-related changes in the ONH of young adults of different ethnicities living in the United States. Because no standardized measurement of tilt has been used across studies, it is difficult to know the degree to which emerging findings relating ONH characteristics to the development of myopic or other pathologies may be influenced by age, race/ethnicity, or disease status or to the methodological differences between studies.
The purpose of this study was to evaluate ONH characteristics (tilt, crescent width, ovality, and torsion) in a large, ethnically diverse group of myopic and nonmyopic young adults without ophthalmoscopically apparent (nonmyopic) ocular pathology. In addition, we examined factors (e.g., sex, race/ethnicity, myopia status, axial length, disc diameter, central corneal thickness, IOP) that might be associated with tilt or crescent formation.
METHODS
The Correction of Myopia Evaluation Trial (COMET) study design 29 and main treatment outcomes 30, 31 have been described previously. The COMET study initially investigated progressive addition lenses as a treatment for myopia and later became a longitudinal observational study of factors associated with the progression and stabilization of myopia. A nonmyopic group of age-, sex-, and ethnicity-matched adults was recruited in year 12 to provide anatomical/structural comparisons.
Participants
A total of 409 myopes (85% of the original COMET cohort, with spherical equivalent myopia from À1.25 to À4.50 29 in study year 1) and 206 matched nonmyopic participants completed the study protocol at the four study sites (optometry schools/ colleges in Birmingham, AL, USA; Boston, MA, USA; Houston, TX, USA; and Philadelphia, PA, USA). The study conformed to the Declaration of Helsinki, and the research was approved by the institutional review boards at each participating center. Written informed consent was obtained from all participants.
Study Procedures
Refractive error (ARK-700A; Nidek, Japan) and axial length (AL; A-2500; Sonomed, Lake Success, New York, USA) were measured 30 minutes after cyclopegia (two drops of 1% tropicamide). 29 Additional measurements taken in myopes at the 11-to 14-year study visits included: OCT imaging, intraocular pressure (IOP; Goldman applanation tonometry), and central corneal thickness (CCT; Pachmate DGH55, Exton, PA, USA). IOP and CCT have been described previously. 32 During the 12-year visits, nonmyopes (spherical equivalent between plano and þ2.00 D in both eyes) were evaluated according to the same study protocol used for the myopes. Our study was not designed to evaluate other myopia-related ocular pathologies because the protocol did not include methods to standardize such reporting.
OCT Imaging
OCT images were obtained with the RTVue (Model RT-100; Optovue, Inc., Fremont, CA, USA), a Fourier (or Spectral) Domain device that captures 26,000 A scans/second (depth resolution of 5 lm; scanning laser diode with a wavelength of 840 nm). The optic nerve head (ONH) scan consists of 12 radii, each 3.40-mm long, centered on the disc, with a resolution of 7.5 lm in each orientation (RT-100 user's manual). Images were taken before cycloplegia with contact lenses removed. At each visit for the myopes and at the single visit for the nonmyopes, one 3D disc (for registration and en face measurements) and three ONH scans (for cross-sectional measurements) were taken. Scans were retaken if poor alignment, low signal strength (signal strength index < 50), blinks (black lines across the image), or motion artifacts (shearing or breaks of the vessel pattern) were noticed. 33 
Analysis of OCT Image Quality
All scans (four per eye) were evaluated for quality using offline Optovue software (version A.6.10.100.22; Optovue, Inc.). E.H. or W.M.T. evaluated half of the scan sets for quality. For myopes, the earliest 3D disc scan passing review was selected. Disc margins were manually corrected to exclude any crescent. ONH scans were excluded if signal strength index was < 40 (slightly lower values could be used due to availability of multiple scans), scans were decentered, or ''clipped'' (due to z axis offset or misalignment of the camera), or if the signal intensity was poor in the measurement area. The most tilted radius was selected by a visual inspection of the six crosssectional radii. Either grader could initiate an adjudication process to decide whether to include or discard scans. After image quality review, and elimination of participants with pathology or refractive surgery, 97% (398/406) of myopes and 90% (187/206) of nonmyopes had at least two high-quality, usable ONH scans (Fig. 1) .
Measurement of Tilt and Crescent
Disc tilt was defined as the angle in degrees between two line segments, one connecting two landmarks on either side of the optic disc opening (ONH landmarks; Fig. 2a) , and a reference line determined by the outermost visible portions of the retinal pigment epithelium (RPE) on either side of the disc (Fig. 2b) . The reference line (Fig. 2c) bisected the angle between the two RPE lines. This method was developed for the current study because it used more data points to construct the reference line versus using only the Bruch's membrane opening 19, 20 and because the RPE nearest the neural canal opening may bow backward. 28, 34 The final tilt angle was measured between the ONH landmarks and the reference lines (Fig. 2c) . The orientation of maximum tilt was defined as the clock hour of the most depressed part of the optic disc, determined by visual inspection of the cross-sectional radii, referenced to the en face image.
The disc margin landmarks corresponded to Bruch's membrane opening in areas without crescent or to the innermost termination of the externally oblique border tissue in areas with crescent (Fig. 3) . 35, 36 Myopic crescent was identified as an area adjacent to the ONH lacking an intact RPE/ Bruch's membrane layer (RPE/BM), with increased signal intensity from the underlying sclera, located between the termination of the RPE and the disc margin. 23, 28, 37, 38 ONH scans that were previously determined to have a crescent required the grader to locate the termination of the RPE/BM using the same cross-sectional scan chosen for tilt measures. The linear distance between the termination of the RPE/BM and the disc margin (crescent width) was calculated.
Independent measures of disc tilt and crescent width were performed by each grader for all scans using a custom Matlab program (Lei Liu, PhD, University of Alabama School of Optometry, Birmingham, AL, USA) to semiautomate the process that included steps for the randomization of image order and masking. For each scan, the grader located the necessary landmarks three times. The program averaged the three positions of each landmark, drew the necessary line segments, and computed the reference and the final tilt angle FIGURE 1. Flowchart showing the status of participants and eyes after each step of scan review. Among 409 myopes, 8 were removed due to eye pathology (including buried drusen, suspected glaucoma, keratoconus, retinal detachment, and traumatic aphakia), refractive surgery, or lack of scans. Image quality review step: Scans were reviewed for quality in 401 participants, and scans for 3 participants were lost due to poor images or insufficient numbers of remaining scans. Measurement and review step: Measures were taken in both eyes of 367 participants, and either the right eye (OD) (n ¼ 14) or left eye (OS) (n ¼ 17) in the rest. Two participants were removed due to insufficient remaining scans, leaving 396 participants (353 with measures from both eyes, 23 with OD only, and 20 with left eye only). In the final dataset for myopic eyes, measurements were available for 376 (353 þ 23) right eyes and 373 (353 þ 20) left eyes. Among 206 nonmyopes, 3 participants were excluded because no scans were taken. Image quality review step: 15 nonmyopic participants were excluded due to poor image quality (3D disc scan did not pass review). One additional participant was lost due to an insufficient number of ONH scans. Measurement and review step: Measures were taken in both eyes of 120 nonmyopic participants, and either the OD (n ¼ 37) or OS (n ¼ 30) in the rest. One participant was removed due to high variability in the three ONH scans measured per eye, leaving 186 nonmyopic participants (117 with measures from both eyes, 37 with OD only, and 32 with left eye only). In the final dataset for nonmyopic eyes, measurements were available for 154 (117 þ 37) right eyes and 149 (117 þ 32) left eyes.
for each scan and crescent width if present. All values were output for centralized data processing and analysis.
Assessment of Intergrader Agreement
Scans with intergrader differences in landmark location >57.8 lm (cutoff based on pilot data analyses) were reviewed and remeasured by one or both graders. The resulting mean intergrader differences (6 SD) were smallest for the nasal landmarks when compared with the temporal and crescent landmarks (nasal, 19.1 6 12.6 lm and 19.8 6 12.6 lm; temporal, 24.2 6 14.4 lm and 21.7 6 13.1 lm; crescent, 30.9 6 14.6 lm and 27.7 6 13.8 lm for myopic and nonmyopic eyes, respectively). Inconsequential differences in temporal landmark location occurred between graders for myopes versus nonmyopes (2.6 6 14.1 lm; P < 0.0001) and for myopic eyes with crescent versus without crescent (2.7 6 14.4 lm; P < 0.0001). For crescent width, the median intergrader differences ranged from 3.97 to 16.64 lm for myopic and nonmyopic right and left eyes, with 95% of measures agreeing within < 46.44 lm. The intergrader intraclass correlation for crescent width was 0.98 (95% confidence interval [CI] 0.92-1.00).
Scan sets with an absolute intergrader difference >48 in tilt or 1.5 clock hours in location of radii (cutoffs based on pilot data analyses) were then reviewed for possible deletion or remeasurement. The resulting median intergrader differences in tilt ranged from 0.08 to 0.178 for myopic and nonmyopic right and left eyes, with 95% of measures agreeing within 28. The intergrader intraclass correlation for tilt was 0.98 (95% CI 0.93-1.00) and 95% of measures differed by < 28.
The final dataset included all eyes with tilt measures that passed review (Fig. 1 ). Among eyes with crescents, no valid measure was possible for 17 myopes and 3 nonmyopes, most often because landmarks were ambiguous for purposes of measuring crescent width. Measures of crescent width were excluded from an additional three myopes due to insufficient scans remaining after the measurement agreement process was completed. Because of the small intergrader differences, the final measures of disc tilt and crescent width were based on an average of the final values from both graders.
Measurement of Disc Ovality and Torsion
The disc ovality ratio (shortest:longest diameter) was determined objectively using a custom Matlab program that batch processed the en face images and determined the best fitting elliptical shape (lowest mean squared error) compared to the disc margin determined previously. The program also objectively determined torsion (rotation in degrees of the long diameter from vertical) with clockwise assigned a positive value (Fig. 4) . Images whose elliptical fits had a mean squared error of 0.35 or greater were excluded. After scan sets with high interscan variability for ovality (n ¼ 14) or torsion (n ¼ 22 among scans with ovality < 0.90) were reviewed, ovality results were available for 99.8% (581/582) of participants and torsion results available for 99.5% (413/415) of participants.
Statistical Analysis
To allow for visual comparison of the magnitude and orientation of the measured ONH characteristics and to evaluate symmetry between the right and left eyes, the distribution of median tilt and crescent width within each clock hour of the disc are presented for the right and left eyes in myopes and nonmyopes separately. Comparisons between myopes and nonmyopes were conducted using two-sample ttests or Wilcoxon rank sum tests for continuous variables and v 2 tests for categorical variables, separately for the right and left eyes. To determine the cut point for the degree of tilt at The first line segment used to define disc tilt is shown in blue. The landmarks were manually located and correspond to Bruch's membrane opening (nasal; left) or the innermost edge of the anterior scleral canal (temporal; right) in the eye with externally oblique border tissue. 35, 36 The insert shows the radius (white arrow) used to produce the B scan. Tilt orientation is defined as 4:30 (inferior, temporal), the clock hour that corresponds to the most posterior or depressed part of the optic disc for this left eye. (b) A reference line (dashed magenta) was derived to correct for scan tilt and bisects the angles between the retinal pigment epithelium (RPE) landmark lines (dotted red and green lines), which were drawn using landmarks placed along the visible RPE surface on either side of the optic nerve (encircled red and green dots). The first RPE dot was located near the limits of the measurement window and the second was chosen to select a representative line segment that was not affected by backward bowing of the RPE. Bisecting the RPE angle provided an average correction for scan tilt (À8.498 in this sample scan), evident here by the differences in height of the RPE surface on opposite sides of the image. (c) The final disc tilt angle is calculated by the custom Matlab program as the angle between the dashed magenta reference line and the solid blue line spanning the anterior scleral canal (À10.24 degrees in the left eye). which the crescent was most likely to be identified, a nonparametric method involving the kernel function to smooth the cumulative distribution function was used. This method estimated the optimal degree of tilt by maximizing the summation of sensitivity and specificity (i.e., Youden Index).
A log-transformed, c regression model 39 was used to evaluate factors associated with disc tilt in myopes (right eye data were used, based on initial analyses indicating that right and left eye data had no important differences that would affect the modeling) due to the high degree of skewness in its distribution. For myopic eyes with crescent, a Tobit model 40 was used for crescent width to adjust for truncated values. Age, sex, ethnicity, disc diameter, axial length, IOP, CCT, torsion degree (absolute value), and torsion direction (clockwise/ counterclockwise) were evaluated as potential covariates for inclusion in the models in a univariate screen. Visual acuity was not evaluated for associations with tilt or crescent given the narrow range among the participants. Factors with associations of P < 0.10 based on the Wilcoxon rank sum and KruskalWallis (for categorical variables) and Spearman correlation (for continuous variables) were included in the final multivariable models. Disc tilt, crescent (presence/absence), and crescent width (only for eyes with crescents) were also screened for possible inclusion in the final model. For both models, all twoway interactions between covariates were evaluated and only significant interactions were retained. Disc tilt/crescent width results were estimated as adjusted means for each categorical variable and adjusted regression coefficients for continuous variables. In the c model, because of the log transformation, adjusted means or adjusted regression coefficients were compared between factor categories (e.g., between Asian and White participants) using ratios of means or coefficients instead of absolute differences. For the Tobit model, factor categories were compared using differences between the adjusted means or regression coefficients and F tests based on the regression models.
All statistical analyses were performed using SAS v9.4 (SAS Institute, Cary, NC, USA). Specifically, the c regression model was fit using the GENMOD procedure with the specified distribution of c and the logarithm link function, and the Tobit model was fit using the LIFEREG procedure. To account for the multiple pairwise group comparisons in multivariable analyses, P values were adjusted by the Bonferroni method.
RESULTS
Two or three high-quality scans for tilt measures were available for at least one eye in 396 (98.8%) of myopic and 186 (91.6%) of nonmyopic participants with OCT data (Fig. 1) . Myopic and nonmyopic participants were similar in mean age (21.9 þ 1.3 years), with good representation of females (54.5% vs. 54.3%) and African Americans (27.0% vs. 26.9%) in both groups, respectively ( Table 1) . As expected, myopic eyes were significantly longer and had more negative spherical equivalent (both P values < 0.0001). No differences were found in IOP or CCT between myopic and nonmyopic eyes. (Table 1) Tilt. Descriptive data for both eyes are presented in Tables 1  and Supplementary Table S1 and Figures 5a and 5b to show the symmetry between eyes. The ONH was most depressed in the temporal (9:00 or 3:00) or temporal/inferior (8:00 or 4:00) locations in both myopic (80.3%) and nonmyopic (74.7%) right and left eyes, respectively (Figs. 5a, 5b ). Because data from the right and left eyes were similar, only right-eye data are discussed. The median tilt (absolute value) was higher in myopic versus nonmyopic eyes (6.08 vs. 2.48, P < 0.0001, Table  1 ). In myopic eyes, tilt varied by ethnicity (P < 0.0001), with highest unadjusted median values in Asian participants (10.478), and roughly half of this value in African American (5.138), Hispanic (5.258), and White (5.648) participants. Increasing amounts of tilt were moderately correlated with more spherical equivalent myopia (r ¼ À0.25, P < 0.0001), longer axial length (r ¼ 0.26, P < 0.0001; Fig. 6 ), smaller disc diameter (r ¼À0.22, P < 0.0001), more oval discs (r ¼À0.24, P < 0.0001; Fig. 7) , and wider crescents (r ¼ 0.62, P < 0.001 in eyes with crescent). All values and correlations were similar in left myopic eyes (data not shown).
ONH Characteristics in Myopic Versus Nonmyopic Eyes
Crescent. Crescents were observed more frequently in myopic versus nonmyopic eyes (48.9% vs. 10.4%; P < 0.0001; Table 1 ). Among eyes with crescents, median crescent width values were similar in both refractive groups (335 lm in 157 myopic versus 386 lm in 12 nonmyopic eyes; P ¼ 0.81). The location of greatest crescent width (determined from en face 3D disc scans) was similar to the location observed for maximum tilt (determined using cross-sectional images), with the temporal and temporal/inferior locations accounting for 98.1% vs. 100% of myopic versus nonmyopic eyes. Wider crescents were observed in eyes with more spherical equivalent myopia (r ¼ À0.27, P ¼ 0.0006), increased axial length (r ¼ 0.21, P ¼ 0.01), a more oval disc (r ¼ À0.25, P ¼ 0.002), smaller disc diameter (r ¼À0.33, P < 0.0001), and more disc tilt (r ¼ 0.62, P < 0.0001; see Fig. 8 ).
Tilt Ovality Versus Tilt. Ovality was moderately related to disc tilt magnitude in myopic eyes (r ¼ À0.24, P < 0.0001) but not in nonmyopic eyes (r ¼ À0.11, P ¼ 0.18; see Fig. 7 ). In nonmyopic eyes, 9% (14/152) of ONHs were oval (ovality ratio of 0.80 or less), 4% (n ¼ 6) were tilted (108 or more of crosssectional tilt) but only <1% (n ¼ 1) matched both criteria. Among myopic eyes, a similar proportion of ONHs were oval (9%; 35/374), but more were tilted (22%; n ¼ 82), and 4% (n ¼ 15) matched both criteria. In addition, 5.35% (n ¼ 20) of myopic eyes were oval but not tilted, and 17.91% (n ¼ 67) were tilted but not oval.
Torsion. Torsion was reported in a subset of eyes with ovality ratios <0.90. Similar proportions of myopic (208/374, 55.6%) and nonmyopic (72/152, 47.4%) eyes meeting this criterion were included in the analysis (P ¼ 0.09). In myopes versus nonmyopes, respectively, the median absolute value was 12.38 (range, 0.0 to 89.6) vs. 8.98 (range, 0.5 to 78.8), P ¼ 0.21; and the direction of rotation was clockwise for 61.5% (128/208) vs. 59.7% (43/72), P ¼ 0.79. Thus, no significant differences were seen in torsion between myopic versus nonmyopic eyes. Torsion values >j458j were present in 8.2% (17/208) of myopic versus 6.9% (5/72) of nonmyopic eyes (P ¼ 0.74). Tilt and crescent width were greater in myopic right eyes with counterclockwise versus clockwise torsion (both P ¼ 0.02). In these eyes with counterclockwise torsion, increased tilt and crescent width were associated with higher degrees of torsion (torsion actual value, r ¼À0.16, P ¼ 0.02 and r ¼À0.27, P ¼ 0.01, respectively).
Multivariable Analysis
The multivariable models for disc tilt and crescent width were limited to myopes because of the low degree of tilt and low frequency of crescents in nonmyopes. Only right eye data were modeled. Those factors associated with disc tilt (P < 0.10) in the univariate analyses were included in the multivariable models, except for ovality (due to insufficient measures to express elliptical shape independently of cross-sectional tilt), torsion (due to limited sample size), and spherical equivalent myopia (due to its strong relationship to axial length). Neither tilt nor crescent width were associated with age, sex, IOP, or CCT in myopic eyes and thus these factors were not included in the models.
Factors Associated With Disc Tilt in Myopic Eyes ( Table 2 ). The final c regression model for degree of disc tilt included ethnicity, disc diameter, axial length, crescent (present/absent), and crescent width (for eyes with crescent only) as covariates, along with the following two interaction ‡ Participants with valid tilt data for OD and OS. § Participants with valid measures of crescent width for OD and OS. jj Ovality is the ratio of the shortest axis over the longest axis. ¶ Ovality could not be measured for two myopes (OD and OS) and two nonmyopes (OD) due to poor image quality. # Only eyes with ovality less than 0.90 were measured for torsion.
FIGURE 5. (a)
Pie charts show the median degree of tilt at the clockhour location chosen as most tilted. The shaded area includes 80.3% of right myopic eyes, with 56.6% of eyes tilted most at 9:00 (temporal) and 23.7% tilted most at 8:00 (temporal, inferior). The median amount of tilt was 6.1 degrees at 9:00 and 7.38 at 8:00. Similarly, in left myopic eyes the temporal (3:00) and temporal/inferior (4:00) locations accounted for 40.5% and 36.2%, respectively, of maximum tilts. In left eyes, the median tilt was 4.28 at 3:00 and 7.48 at 4:00. (b) The orientation of the most tilted radius was also at the temporal or temporal, inferior locations in the right (74.4%) and left (69.1%) eyes. However, the median tilt at these locations was roughly half that of the myopic eyes. 
FIGURE 7.
The scatterplot comparing the cross sectional measures of maximum tilt with the en face measures of ovality shows a low to moderate correlation in the right, myopic eyes (circles; n ¼ 374, r ¼À0.24, P < 0.0001) but no significant correlation in right, non-myopic eyes (crosses; n ¼ 154, r ¼ À0.11, P ¼ 0.18).
terms: ethnicity and either crescent (yes/no) or crescent width. Based on this model, eyes with crescents had more than twice the amount of tilt than eyes without crescents (adjusted mean: 9.838 vs. 4.138, P < 0.0001), and crescent width was positively associated with tilt such that each 100-lm increase in crescent width was associated with a corresponding 14% increase in the degree of tilt (P ¼ 0.002). In addition, disc diameter, but not axial length, was significantly associated with tilt (P ¼ 0.003). Specifically, each 100-lm increase in disc diameter was associated with a 6.4% reduction in the degree of tilt, that is, a larger disc was associated with less tilt (Table 2) . Disc tilt varied by ethnicity (P < 0.0001), with Asian eyes being the most tilted (adjusted mean 9.668, 95% CI: 7.368-12.688) and Whites the least (adjusted mean 5.298, 95% CI: 4.758-5.898). When compared with Asian eyes, African American, Hispanic, mixed, and White eyes all had significantly less tilt (ratio of the adjusted means ranged from 0.55-0.67, all P values < 0.01). However, a statistically significant interaction was identified between ethnicity and crescent (P ¼ 0.002). In eyes without crescents, Asians had the most tilt (adjusted mean 8.478, 95% CI: 5.918-12.158) and the other ethnic groups had less than half this amount (adjusted mean ranged from 3.048 White to 3.908 African American [ratios of adjusted means ranged from 0.36 to 0.46, all P < 0.0004]). In eyes with crescents, values of tilt were equally high with no significant differences between ethnic groups.
A second interaction was observed between ethnicity and crescent width (P ¼ 0.0005), with a significant association observed between disc tilt and crescent width in all ethnic groups (all P values 0.02) except Asians (P ¼ 0.49). For the White, African American, Hispanic and Mixed groups, wider crescents were associated with more tilt; with an increase of 100 lm in crescent width associated with 18% more tilt in African Americans (P ¼ 0.004), 13% more in Hispanics (P ¼ 0.05), 22% more in mixed (P ¼ 0.02), and 22% more in Whites (P < 0.0001). For Asians, although crescent width and tilt were inversely related, this was not statistically significant (P ¼ 0.49). Furthermore, when compared with Asian eyes with crescents, the associations between crescent width and tilt were stronger in the other ethnicity groups (P for all comparisons < 0.02).
Factors Associated With Crescent Width in Myopic Eyes (Table 3) . A second multivariable model (Tobit) was used to investigate the factors associated with crescent width in myopic eyes with a crescent and available crescent width data (n ¼ 157). Crescent width was associated with ethnicity (P < 0.0001) and disc tilt (P < 0.0001; Table 3 ). Asians had the widest crescents (adjusted mean: 536.98 lm, 95% CI: 479.92-594.05 lm), and African Americans the smallest (adjusted mean: 335.42 lm, 95% CI: 294.30-376.53 lm), with a statistically significant difference in crescent width observed between Asians and each of the other ethnic groups (P 0.002 for all comparisons). A 18 increase in tilt was associated with a small increase of 18.10 lm (95% CI: 10.28-25.93) in crescent width (P < 0.0001). An interaction between tilt and ethnicity was observed (P ¼ 0.01), with significant associations between tilt and crescent width seen for White (P < 0.0001), African-American (P < 0.0001), and Hispanic eyes (P ¼ 0.04), but not for Asian (P ¼ 0.86) or mixed eyes (P ¼ 0.17). When compared with Asians, the associations between tilt and crescent width were strongest and reached statistical significance only for African Americans (P ¼ 0.002) and Whites (P ¼ 0.003). Neither disc diameter (P ¼ 0.33) nor axial length (P ¼ 0.06) were significantly associated with crescent width. 
DISCUSSION Overview
This is the first study to compare four key ONH characteristics (maximum disc tilt, crescent width, ovality, and torsion) in a multi-ethnic population of young adults with and without myopia living in the United States. Crescent was observed approximately five times more frequently in myopic eyes when compared with nonmyopic eyes (49% vs. 10%) and the median degree of tilt was about double (6.08 vs. 2.48). The degree of tilt was at least twice as high in eyes with crescents versus those without, regardless of refractive group, indicating a strong relationship between tilt and crescent.
Ethnicity was also strongly associated with tilt and crescent, with ONHs in Asian eyes having the most tilt, even in the absence of crescent, and the widest crescents among all ethnic groups. However, in eyes with crescents, tilt was similar across ethnic and refractive groups, further reflecting the stronger relationship between crescent and tilt. Unlike tilt and crescent, all measures of torsion were similar in myopes and nonmyopes, and a clinically inconsequential difference was found in ovality ratios between refractive groups, suggesting lesser importance for these measures in distinguishing between young adult myopic and nonmyopic eyes. * Based on a multivariable c model with ethnicity, crescent (absent/present), crescent width (only for participants with crescent), disc diameter, and axial length as covariates.
† Because a logarithm link function was used for the c model, differences in adjusted means of disc tilt or regression coefficients between crescent absent and present groups and between ethnicity groups were converted to ratios.
‡ Based on type 3 tests for main effects and interactions and contrast tests for comparisons between ethnicity groups from the multivariable model.
§ P values remained significant after the Bonferroni adjustment (P < 0.05/4 group comparisons ¼ 0.0125). jj Crescent width of 27 OD eyes could not be measured. ¶ With the logarithm link function, one unit increase in the continuous factor will cause the disc tilt multiplied by the regression coefficient b. For example, an increase of 100 lm in crescent width will cause the disc tilt degree multiplied by 114% (i.e., 14% more).
Ovality and Torsion in Myopes and Nonmyopes
Our median ovality ratios were nearly identical to those reported in a cohort of Japanese high school students (0.92 18 ) suggesting that our automated method for OCT scan measurement is valid. Hosseini reported a higher correlation between tilt and ovality in an older, predominantly White clinical population with suspected or definite glaucoma, 19 raising the possibility that these associations differ according to age or pathology. Because many previous studies use ovality as a proxy measure for tilt, their results should be interpreted very carefully because these measures are not interchangeable. 10, 12, 13, 15, 16 Future research should address these two disc characteristics separately to better understand the biomechanical stresses and strains that influence final ONH shape.
Although we found no overall differences in torsion between refractive groups, we examined the subset of myopic right eyes with ''inferior'' or counterclockwise rotation because of recent reports that counterclockwise rotation was associated with reduced RNFL and macular thickness as well as ocular characteristics including more oval discs and larger BPPA. 41 Consistent with Sung et al. 41 we found a lower frequency of young myopic adults with counterclockwise rotation of the right ONH and we also observed that increased cross-sectional tilt and wider crescents were associated with the degree of rotation in this group. Longitudinal studies would be useful to investigate whether torsion changes over time, and whether counterclockwise rotation or tilt are risk factors for age related visual loss in myopes with 20 or without glaucoma.
Tilt and Crescent in Myopic and Nonmyopic Eyes
The median values for disc tilt (28 to 108) in this study were near the low range of values (3.58 to 228) reported by others. 14, 17, 18, 19, 20 However, studies are not directly comparable because of the differences between study participants (in terms of age, ethnicity, sex, and associated ocular conditions such as glaucoma), instrumentation (various OCT devices or HRT), landmark selection (usually Bruch's membrane opening, which includes the crescent, or at the inner limiting membrane surface), corrections for image tilt, or the selection of the radius measured. Although these differences between previous studies limit comparisons, our data, which are based on standard methods for all participants, help to clarify the influence of ethnicity and crescent on tilt values.
In addition to the higher frequency of crescents in myopic eyes and the increased amount of tilt in eyes with crescents, we also found that maximum tilt and greatest crescent width typically occurred at the temporal and temporal/inferior locations. These characteristics are consistent with the acquired changes in ONH shape observed during myopic progression in a cohort of Korean children followed longitudinally. 9 Some studies have limited discussions of ''tilted'' ONHs to eyes with an inferior tilt, a characteristic that evokes a congenital condition called tilted disc syndrome. 42 Few ONHs in our study had inferior tilts and crescents (six myopic right eyes and zero nonmyopic eyes). Because an unequivocal distinction between acquired and congenital changes would require longitudinal observations and because few myopic eyes had both characteristics, we did not eliminate any eyes from analysis.
The occurrence (10% to 13%) of crescents in nonmyopic eyes was surprising, as was their similarity to crescents in myopic eyes in terms of median width and associated tilt as well as landmark identification of the disc margin and crescent termination, explaining why the intergrader agreement did not vary much by refractive error. Interestingly, crescents in nonmyopic eyes were found for all values of axial length, from 21.5 mm to < 25 mm.
Because of the relatively infrequent occurrence of crescent and high tilt values in nonmyopic eyes, the remaining discussion is limited to myopic eyes. † Based on type 3 tests for main effects and interactions and contrast tests for comparisons between ethnicity groups from the multivariable model.
‡ P values remained significant after the Bonferroni adjustment (P < 0.05/4 group comparisons ¼ 0.0125).
Factors Associated With Tilt and Crescent in Myopes
Disc Tilt. The association we found between crescent and tilt was not unexpected, but the actual quantification of the association (adjusted values of 9.838 in eyes with crescent versus 4.138 in eyes without crescent) was striking. On average, eyes with crescents had similar, high values of tilt, regardless of ethnicity. However, unsuspectedly high values of tilt occurred in Asian eyes without crescents (median value 9.9), values that were at least double when compared with other ethnicities.
The association between smaller disc diameter and increased disc tilt is interesting. Because we measured the actual distance, not a projection of the diameter to the en face plane, smaller diameter is not confounded by rotation around the vertical axis. Our findings may reflect regional differences in the distensibility of the peripapillary sclera, allowing some ONHs to enlarge (equal stress and strain in all peripapillary locations), whereas others tilt (asymmetric stress and/or strain). When adjusted for other factors, axial length was not associated with the degree of disc tilt in these young adult myopes. However, others 14, 19 have noted a positive association between increased axial length and disc tilt or higher degrees of visual field loss in glaucoma patients. Possible reasons for the different results may include age and the presence of glaucoma.
Crescent Width. Quantification of crescent width depends on the reliable location of landmarks, which we were able to achieve in this study. In our young adult myopes, wider crescents were associated with Asian ethnicity and more disc tilt in the multivariable model. Our model also showed that increased tilt was associated with increased crescent width in non-Asian ethnic groups, similar to longitudinal changes related to myopia progression reported by Kim et al. 9 Crescents are often thought to occur in eyes with excessive axial elongation, but axial length was not independently associated with crescent width or tilt in our myopic eyes after adjustment for other covariates. Roughly half of the crescents occurred in myopic eyes with ''normal'' axial lengths between 23 and <26 mm, 24 an observation that supports Curtin's proposal that it is the presence of crescent, rather than a particular value of axial length, that indicates the length that is ''excessive'' for the individual eye. In other words, tissue strain around the ONH may result in crescent formation at a variety of axial lengths, probably depending on multiple other biomechanical factors. No evidence of RPE/Bruch's membrane was seen in the majority of our scans with crescents, consistent with recent reports that Bruch's membrane was not present in ''myopic crescents'' at young ages, but was present in the BPPA in the majority of older adults. 23 Other groups that have reported associations between BPPA and tilt have probably included eyes with either BPPA and/or crescents. Future research should tease these factors out as the former could signal age-related changes and the latter reflects changes present at least by young adult age 23 that might or might not portend an increased risk of age-related eye pathology.
Clinical Implications
Our data show that higher values of tilt should be suspected in all Asian eyes and in all eyes with crescents regardless of ethnicity. Previously, we have shown that choroidal thinning is related to increased spherical equivalent myopia, longer axial length, crescent, and Asian ethnicity. 43 To the extent that increased tilt and crescent width signal excessive tissue strain in and around the ONH [5] [6] [7] and considering that choroidal thinning may signal nonperfusion of overlying retinal tissues, Asian eyes may have an increased susceptibility to develop reduced acuity, retinal detachment, glaucomatous optic atrophy, or other myopic pathologies as they age. 4, 44, 45 This potentially heightened susceptibility coupled with the extreme projected increase in prevalence of myopia among older Asian adults 4 portend a mounting challenge to deliver eye and rehabilitative vision care in Asian nations. For other ethnicities, eyes without crescents have low values of tilt, and perhaps a lower risk of pathologic complications.
We have shown that axial length is not significantly associated with increased tilt when ethnicity, crescent, and ONH diameter are considered. Although tilt has recently been identified as a potential risk factor for reduced visual function 2, 19 or for shifting of the peak RNFL thicknesses, 17 the actual value of tilt that is problematic is not known and our data cannot address this point. The ovality measure should not be used as a proxy for tilt based on our data showing the majority of ONHs that were tilted by 108 or more were not identified by an ovality ratio of 0.80. The other commonly used clinical observation of tilt using stereo-paired photographs was also problematic and might have identified only two of our study eyes (those with tilt > 208, a criterion shown to be necessary for reliable detection of tilt by Takasaki et al. 18 ). Studies using photographs have reported higher frequencies of tilt in Asian children living outside the United States, raising the possibility that ethnicity and other cultural or geographic factors influence disc tilt or that photographic interpretation can vary. Choosing between these possibilities would require additional studies including quantitative measures such as those undertaken here.
Based on our experience, young adult eyes with crescents lack Bruch's membrane, therefore requiring manual corrections to the disc margin to ensure valid measures of ONH characteristics. The associations we described for tilt and crescent may not hold in the eyes of older adults with BPPA, which has a different microstructure, even though the ophthalmoscopic signs are similar. Given the importance of BPPA on glaucoma progression and the lack of progression seen in middle-aged adults with ''BPPA without Bruch's membrane,'' 23 care should be taken before diagnosing or treating young adults with myopic crescent as low-tension glaucoma patients, in the absence of demonstrated progressive visual field loss. 46 
Strengths and Limitations
The strengths of this study include its multi-ethnic population, clear definitions of the ONH characteristics, and the careful and standardized process of measurement that was followed. Our measures of tilt and crescent width depended on a disc margin that frequently required manual corrections when crescents were present, and thus were time consuming. We measured a single radius, judged to be most tilted, and used the same radius to measure crescent width. Because the radius of maximum tilt often occurred in a similar location as the widest crescent; we believe that our results would be similar had we quantified crescents differently. Although crescent width could not be measured in 15% of the myopic eyes with crescents because of either the selection or the quality of the scans obtained, there was no apparent systematic loss of measures that would affect our findings. Neither fundus photos nor visual fields were available. Thus, we could not reference our clock hour or torsion values to the line connecting the disc and macula. We could not evaluate potential relationships between ONH characteristics and visual field sensitivity. Although we do not suspect visual field loss in any of the young adults we included in the study, it is possible that a few were included. However, it is not likely that our results were influenced to any great extent by occult pathology.
The custom Matlab program that we developed, which matched elliptical shapes to the disc margin, provided fast, reliable, and valid measures of elliptical shape, radii, and torsion. Although we limited our reports of torsion to eyes with an ovality ratio <0.90, actual measures of torsion were determined in all eyes. Our method may simplify future research investigating relationships between torsion and visual field loss.
Finally, although our data are cross-sectional, roughly half of young myopic adults had evidence (tilt and/or crescent) of tissue strain in response to biomechanical factors occurring early in life. Longitudinal studies will be necessary to determine whether such eyes are at increased risk to develop age-related ocular pathology including glaucoma, retinal detachments, or other myopia-related pathologies.
Conclusion and Future Directions
Our data, based on carefully collected measurements in a multiethnic group of young adults, help to clarify the influence of ethnicity and spherical equivalent myopia on ONH characteristics. Overall, roughly 50% of young adult myopes had crescents compared to only 10% of nonmyopes. Eyes with crescents had higher values of tilt, and eyes without crescents had low values of tilt, regardless of refractive group. An exception occurred for Asian eyes without crescents, with tilt values that were roughly 150% those of other ethnic groups. In myopes, after adjustment for covariates, axial length was not associated with tilt or crescent width, but smaller disc diameter was related to increased tilt. Ovality was found to be an unacceptable proxy measure for tilt, and few eyes had the degree of tilt likely to be reliably detected by expert interpretation of stereo-paired photographs. In our experience, eyes with crescents lack RPE/Bruch's membrane in the peripapillary whitish zone seen by ophthalmoscopy. These eyes require manual determination of the disc margin for valid measures of ONH characteristics and are likely to have higher levels of tilt that cannot be verified without direct measurement of OCT scans. Automatic algorithms to determine the disc margin in eyes with myopic crescents would greatly simplify and improve the validity of OCT ONH measurements. These data may inform future studies of biomechanical properties, or of retinal pathology, of the myopic eye.
